We present ChromATin, a quantitative high-resolution imaging approach for investigating chromatin organization in complex tissues. This method combines analysis of epigenetic modifications by immunostaining, localization of specific DNA sequences by FISH, and high-resolution segregation of nuclear compartments using array tomography (AT) imaging. We then apply this approach to examine how the genome is organized in the mammalian brain using female Rett syndrome mice, which are a mosaic of normal and Mecp2-null cells. Side-by-side comparisons within the same field reveal distinct heterochromatin territories in wild-type neurons that are altered in Mecp2-null nuclei. Mutant neurons exhibit increased chromatin compaction and a striking redistribution of the H4K20me3 histone modification into pericentromeric heterochromatin, a territory occupied normally by MeCP2. These events are not observed in every neuronal cell type, highlighting ChromATin as a powerful in situ method for examining cell-type-specific differences in chromatin architecture in complex tissues.
In Brief
The ChromATin approach combines analysis of epigenetic modifications by immunostaining, localization of specific DNA sequences by FISH, and highresolution segregation of nuclear compartments using advanced array tomography (AT) imaging, producing a high-resolution picture of chromatin architecture in complex tissues such as the brain.
INTRODUCTION
The organization of chromatin within the nucleus plays an important role in the regulation of gene expression (Bickmore and van Steensel, 2013; Politz et al., 2013) . Although high-throughput sequencing strategies have revolutionized chromatin research by enabling genome-wide analysis of chromatin interactions (Dixon et al., 2012; Lieberman-Aiden et al., 2009) , fluorescent in situ hybridization (FISH) remains a powerful tool in studying the organization of chromosomal territories (Cremer and Cremer, 2010) . New high-resolution imaging technologies promise to advance our understanding of how chromatin is packaged in the nucleus for appropriate gene expression (Ricci et al., 2015; Smeets et al., 2014) .
New methods for examining chromatin architecture are needed. The two most widely used strategies, chromosome conformation capture (C-method) and FISH, each have their own strengths and weaknesses. Although C-methods offer base pair resolution and, in the case of HiC, genome-wide analysis of chromatin, this method is most often performed on pooled cell populations, which might obscure cell-type-specific differences that exist in complex tissues. On the other hand, FISH is an ideal method for analysis of different cell types in tissue, but probes are typically limited to a small number of genetic loci. Interestingly, these methods are not always in agreement with regard to chromatin organization. For example, analysis of the HoxD locus in mutant embryonic stem cells shows an open chromatin structure using FISH and a closed structure using 5C (Williamson et al., 2014) . A potential source of these differences is that C-methods may involve fixation of relatively large, cross-linked chromatin domains, detecting cytological co-localization rather than direct molecular interaction (Belmont, 2014; Gavrilov et al., 2013) . Also, to associate C-method and FISH results with chromatin modifications requires a separate analysis using different experimental conditions. For these reasons, we sought to develop a quantitative, high-resolution imaging method for investigating chromatin organization in complex tissues. This method would combine analysis of epigenetic modifications by immunostaining, localization of specific DNA sequences by FISH, and high-resolution segregation of nuclear compartments using an advanced imaging technique. We have adapted the array tomography (AT) imaging method for this purpose.
AT is a high-resolution imaging method developed for the reconstruction and analysis of neuronal circuitry in the brain (Micheva and Smith, 2007) . The enhanced resolution is achieved by generating ultrathin serial sections of the specimen, followed by image acquisition and alignment. Acrylic sections can be stripped repeatedly, allowing for multiple rounds of imaging. This multiplexed staining approach increases the amount of molecular information that can be derived from a tissue volume (Micheva et al., 2010) . FISH methods have not been reported for AT, and developing this capability would increase the utility of the approach for localizing DNA sequences or expressed RNAs. Our motivation in developing this method was to gain a deeper understanding of how the genome is organized in the mammalian brain, a tissue with an extreme variety of cell types. To this end, we tested AT for examining neuronal chromatin in mice lacking the DNA binding protein, MeCP2. Mutations in MECP2 give rise to the neurological disorder, Rett syndrome (RTT) (Amir et al., 1999) . MeCP2 is expressed to high levels in neurons and binds globally to methyl-and hydroxymethyl-cytosine within different dinucleotide contexts (Guo et al., 2014; Lewis et al., 1992; Mellé n et al., 2012) . Mecp2 is an X-linked gene (Quaderi et al., 1994) , and cells in female RTT patients and mouse models are mosaic for loss of MeCP2 due to dosage compensation in mammals (Adler et al., 1995) . This mosaicism provides an ideal experimental context wherein neurons with normal chromatin architecture are adjacent to Mecp2-null neurons. While in vitro studies suggest that MeCP2 may regulate higher-order chromatin structure, it is not known how these findings impact chromatin organization in vivo. Further, several additional models for its function, including gene repression and activation, have also been proposed (Lyst and Bird, 2015) .
Using AT imaging, we quantify large-scale chromatin changes in symptomatic adult female RTT mouse brain. We detect a significant increase in chromatin compaction in two types of Mecp2-null hippocampal neurons together with a striking redistribution of the H4K20me3 histone modification into pericentromeric heterochromatin. In contrast, we do not detect these changes in cerebellar granule cells. We observe a spectrum of chromatin condensation states among cells in the nervous system providing a potential mechanism to explain cell-type-specific differences in gene expression upon loss of MeCP2.
In summary, we show that AT is an ideal tool for investigating chromatin architecture in complex tissues where cellular heterogeneity may confound methods that sample populations of cells. Multiplexed detection of epigenetic modifications and genomic sequences combines with the resolving power of the AT imaging method to permit quantitative analysis within defined nuclear compartments.
RESULTS
Quantitative Analysis of Chromatin Organization in Neurons Using AT We initially chose hippocampal CA1 pyramidal neurons for our investigation due to their location within a well-defined layer in the hippocampus ( Figure 1A ). Neuronal nuclei, as in other cell types, can be visualized using the fluorescent DNA intercalator, DAPI (Wilson et al., 1990) . To determine the utility of AT for analyzing chromatin architecture, we exploited the mosaic nature of female RTT mouse brain expressing a knockin Mecp2-EGFP gene fusion . Mosaicism is ideal for imaging comparisons because fixation, embedding, staining, and imaging steps are equivalent for the wild-type (WT) and mutant populations of neurons under investigation. As predicted, due to the X-linked nature of Mecp2 and random X inactivation, the ratio of WT (GFP positive) to mutant cells was approximately 1:1 ( Figure 1B) .
We found that 200 nm sections allowed for full-volume reconstruction of an sufficient number of nuclei for analysis. Figure 1C shows 3D reconstruction for a WT nucleus visualized along the x-y axis, while Figure 1D shows equivalent resolution along Figure 1E . A second 3D surface enclosing the entire nucleus was used to determine total nuclear volume and DAPI pixel intensity ( Figure 1F ). The structures enclosed by these surfaces are best visualized in Movie S1. Using AT, we found that the total amount of nuclear DAPI did not differ between WT and Mecp2-null neurons ( Figure S1A ). However, loss of MeCP2 resulted in a 20% increase in the amount of DNA packaged within the heterochromatin threshold ( Figure 1G ). The increase in chromatin compaction was detected as both an increase in DAPI density within heterochromatin (Figure 1H) , as well as an increase in heterochromatin volume (Figure 1I) . These results indicate that, in Mecp2-null neurons, there is a redistribution of DAPI-labeled DNA into more densely compact heterochromatin, and the increase in volume is not due to ''unraveling'' of chromatin within heterochromatic foci.
Previous studies found that nuclear diameters in RTT neurons were smaller than WT neurons (Li et al., 2013; Stuss et al., 2013; Yazdani et al., 2012) . In agreement with these reports, AT analysis of nuclear volume revealed a modest ($5%) decrease in mutant neurons compared to WT ( Figure S1B ). Interestingly, we found a strong negative correlation when we plotted heterochromatin content versus nuclear volume for CA1 pyramidal neurons regardless of MeCP2 status ( Figure S1C ). This is consistent with previous reports that show an expansion of nuclear size when chromatin is decondensed (Mazumder et al., 2008; Shen et al., 1995) .
Resolving Spatial Organization of Histone Modifications with Multiplexed Immunostaining
The other notable advantage of AT over other imaging methods is the ability to perform multiple rounds of imaging on the same sections using a variety of detection reagents. The observation of more compact chromatin in Mecp2-null neurons led us to examine whether we could detect any changes in heterochromatin-associated histone modifications. In Figure 2 , we show the results of multiplexed immunostaining using antibodies against five different histone modifications, as well as for DAPI, MeCP2-GFP, and Conconavalin A (ConA). Immunostaining for H3K9me2, H3K9me3, H3K27me3, and H4K20me3 shows expected patterns in terms of their association with DAPI-labeled heterochromatin, indicating that our cytological criterion for heterochromatin is consistent with previously published studies ( Figures 2D-2H) . We always observed a single intense cluster of H3K27me3 in female cells that represents the Xi ( Figure 2F ), and MeCP2-GFP was generally excluded from this heterochromatin compartment ( Figures 2J-2L ). These exclusive heterochromatin territories are best appreciated by viewing the full 3D reconstruction (Movie S2). Using H3K27me3 immunostaining as a guide, we isolated this compartment (green surface in Movie S1) from total heterochromatin. Consistent with the observation that MeCP2 is excluded from this territory, we did not observe a significant difference in DAPI density for the Xi chromosome between WT and mutant neurons ( Figure 2M ). Further, the density of DAPI within the Xi was less than the density within other heterochromatin compartments ($80%, compare with Figure 1H ). This less condensed heterochromatin state for Xi has been described previously by light and electron microscopy (Rego et al., 2008) .
In addition to quantifying DAPI intensity, the established heterochromatin threshold can be applied to all the imaging channels acquired in an experiment. For example, although it appears upon visual examination that most of the MeCP2 is localized to heterochromatic foci, low-intensity clusters are highly abundant in euchromatin and nucleoplasm, resulting in heterochromatin MeCP2 content being $30% of total MeCP2 in a pyramidal cell nucleus ( Figure 2N ).
The H4K20me3 Modification Defines a Unique Heterochromatin Territory
AT imaging revealed an unexpected alteration in the spatial organization of H4K20me3 when WT and Mecp2-null nuclei were compared. In neurons deficient for MeCP2, H4K20me3 displayed a staining pattern that was almost identical to that of DAPI (compare Figures 3A-3D , right nuclei), which is consistent with previous reports that H4K20me3 is associated with pericentromeric heterochromatin (Schotta et al., 2004) . Strikingly, this extensive overlap with heterochromatic foci was not observed in WT neurons ( Figures 3A-3D , left nuclei). In WT neurons, MeCP2 clustered intensely in heterochromatic foci, while the H4K20me3 intensity was reduced in these regions (arrowheads, compare Figures 3D and 3F left nuclei) , instead occupying a territory peripheral to the dense heterochromatic foci (arrows, Figures 3D and 3F ). These H4K20me3-rich territories are well within the heterochromatin threshold, but they display reduced DAPI intensity when compared to pericentromeric heterochromatin (arrow, Figure 3B ). The segregation of H4K20me3, H3K27me3, and MeCP2 enriched heterochromatin territories is easily observed using AT (Movie S3). We performed confocal microscopy on brain sections to confirm that the H4K20me3 territories were not an artifact of the AT procedure. Examination of CA1 pyramidal neurons from female heterozygotes or wild-type (WT) male mice shows that the H4K20me3 territories can be detected using standard microscopy methods albeit at lower resolution ( Figure S2) .
We used the heterochromatin threshold to quantify the extent of this altered localization and detected a robust (65%) redistribution of H4K20me3 into dense heterochromatin upon loss of MeCP2 ( Figure 3G ). This spatial redistribution occurred in conjunction with a modest (11%) increase in the total nuclear amount of H4K20me3 (see Figure 4F) . In contrast to There is a significant redistribution of H4K20me3 into heterochromatin after loss of MeCP2 (WT, 18.5 ± 3.0, n = 36 nuclei from three mice; null, 30.5 ± 3.5, n = 41 nuclei from three mice). Unpaired t test, p < 0.0001. (H) Scatterplot showing the percentage of total nuclear H4K20me2 within heterochromatin (mean ± SD) for pyramidal neurons. WT, 10.8 ± 2.1, n = 27 nuclei from two mice; null, 11.0 ± 2.2, n = 31 nuclei from two mice. Unpaired t test, p = 0.72. See also Figures S2 and S3 and Movie S3.
H4K20me3, we did not observe a significant change in the spatial organization of H4K20me2 with loss of MeCP2 (Figure 3H ), indicating specificity in spatial organization of different histone marks in mutant nuclei. We also examined the spatial distribution of H3K9me3, another heterochromatin-associated histone modification. Unlike the case for H4K20me3, no heterochromatin territories were enriched exclusively for this modification. In fact, H3K9me3 appeared to be present throughout all of the heterochromatin territories that we observed. Although it was difficult to detect by eye, AT analysis showed that there was still a significant (26%) redistribution of H3K9me3 into densely packed heterochromatin in Mecp2-null nuclei ( Figure S3A ). This occurred in conjunction with a 10% increase in total nuclear H3K9me3 levels ( Figure S3C) . We also detected a slight redistribution of H3K9me2 into dense heterochromatin ( Figure S3B ).
AT FISH Shows Expansion of the H4K20me3
Modification into Pericentromeric Heterochromatin in Mecp2-Null Nuclei To map chromosomal territories more precisely in the nucleus, we used peptide nucleic acid probes specific for both major and minor satellite sequences to localize pericentromeric and centromeric heterochromatin, respectively (Movie S4). We performed one round of immunostaining followed by FISH on the same hippocampal sections to determine the relative positions of H4K20me3, MeCP2-GFP, and the major and minor satellite sequences. As expected, the major satellite probe localized with the most condensed heterochromatic foci ( Figures 4A and 4D ). As predicted on the basis of our DAPI staining, the H4K20me3-rich territory was adjacent to the major satellite territory in WT nuclei ( Figure 4D , left nuclei). In neurons lacking MeCP2, this segregation was lost, and H4K20me3 was enriched significantly in the major satellite territory ( Figure 4D , right nuclei). We created a 3D threshold surrounding the major satellite FISH signal and measured the intensity of H4K20me3 immunostaining within the major satellite zone relative to the total nuclear intensity. We detected a robust (100%) redistribution of H4K20me3 into pericentromeric heterochromatin upon loss of MeCP2 ( Figure 4E ). This spatial reorganization occurred in conjunction with a modest increase in the total nuclear amount of the modification ( Figure 4F ).
Changes in Chromatin Architecture upon Loss of MeCP2 Are Cell-Type Specific To determine if the changes in chromatin architecture we observed for CA1 pyramidal neurons were occurring in other neuronal cell types, we performed a similar analysis for hippocampal dentate granule cells, as well as cerebellar granule cells. We performed two rounds of antibody staining to collect information for both H4K20me3 and H3K9me3 modifications, followed by FISH for major satellite sequences. MeCP2-GFP is abundant in dentate granule cell nuclei, with the typical strong localization in heterochromatic foci ( Figure 5B ). Similar to CA1 pyramidal neurons, we find that loss of MeCP2 results in a significant redistribution (93%) of H4K20me3 into the major satellite territory ( Figures 5D and 5E ). Analysis for H3K9me3 showed redistribution to a lesser extent (37%, Figures S4E and S4G) , while H3K9me2 levels show a slight decrease in the major satellite territory (Figures S4F and S4H ). The changes in H4K20me3 and H3K9me3 in dentate granule cells lacking MeCP2 are accompanied by a 15% increase in DAPI-labeled DNA packaged into densely packed heterochromatin ( Figure 5F ).
We next imaged chromatin organization in WT and Mecp2-null cerebellar granule cells, which have smaller nuclei and abundant heterochromatin. While we could easily identify MeCP2-positive granule cells (Figure 5H ), the expression level of MeCP2-GFP and intensity in the major satellite territory was lower in these neurons compared to other neuronal cell types. We could not detect a change in the spatial distribution of H4K20me3 in (E) Scatterplot showing the percentage of total nuclear H4K20me3 within the major satellite threshold (mean ± SD). There is a significant redistribution of H4K20me3 into pericentromeric heterochromatin after loss of MeCP2 (WT, 11.8 ± 1.8, n = 19 nuclei from 3 mice; null, 23.7 ± 4.4, n = 19 nuclei from three mice). Unpaired t test, p < 0.0001. (F) The relative amount of H4K20me3 within the nucleus (mean ± SD) is compared between WT and null neurons. Intensity units represent total integrated intensity (310 6 ) with mean intensity normalized for WT pyramidal neurons. (WT, 1.00 ± 0.01, n = 46 nuclei from three mice; null, 1.11 ± 0.02, n = 50 nuclei from three mice. Unpaired t test, p < 0.0001. See also Movie S4. cerebellar granule cells ( Figure 5K ). Consistent with their visible heterochromatic abundance, the amount of DAPI within heterochromatin was much greater for these neurons than for the hippocampal cell types we examined ( Figure 5L ). This was not a consequence of the brain region per se because neighboring cell types in the cerebellum expressed much higher levels of MeCP2-GFP than granule cells and exhibited the alterations in H4K20me3 organization that we observed for Mecp2-null hippocampal neurons. For example, cerebellar Purkinje neurons have extremely decondensed chromatin, and major satellite repeats are typically packaged in a massive heterochromatin cluster near the nucleolus ( Figure S5A ). In WT Purkinje neurons, MeCP2-GFP clusters intensely in the major satellite territory, and H4K20me3 is predominantly localized to an adjacent heterochromatin territory ( Figure S5B ). In a Purkinje neuron that lacks MeCP2, H4K20me3 spreads into the major satellite territory (Figure S5C and Movie S5). Due to the large size of Purkinje nuclei, we have not acquired enough data from full Purkinje nuclei to quantify this change.
AT Analysis of Transcriptional Activity
We used antibodies against phosphorylated Serine5 on the carboxy terminal domain (CTD) of RNA polymerase II (RNAPII) to quantify transcriptional activity within single nuclei (Egloff and Murphy, 2008) . As predicted, the signal for this antibody was excluded from highly condensed heterochromatin ( Figures 6A-6C ). Further, analysis of the reconstructed nuclei revealed a strong negative correlation between Phospho Ser5 CTD levels and nuclear heterochromatin content ( Figure 6D ). We also compared total nuclear levels of Phospho Ser5 CTD between WT and mutant neurons in female RTT hippocampus. This analysis showed a slight but significant reduction in Phospho Ser5 CTD in mutant neurons (Figure 6E) . Antibodies against the N terminus of RNAPII did not work in AT, so we could not determine whether the reduction in Phospho Ser5 CTD was a result of lower total levels of RNAPII or is indeed a reflection of reduced transcriptional initiation in Mecp2-null nuclei. These experiments show that, upon the development of improved reagents, AT imaging can be effectively used to quantify transcriptional activity in different cell types.
DISCUSSION
Here, we describe an adaptation and expansion of AT for the investigation of chromatin organization. The advantages that make AT a useful tool for resolving synaptic junctions in the brain also make it an ideal tool for resolving nuclear compartments. Ultrathin sectioning improves resolution along the z axis while also eliminating signal degradation due to poor depth penetrance of staining reagents (Micheva and Smith, 2007) . We have generated high-resolution, three-dimensional reconstructions of nuclei to show how AT can be used to quantify a variety of parameters of nucleus and chromatin structure. A powerful feature of AT is the ability to acquire multiple rounds of imaging information. This provides a way to survey the molecular composition of specific compartments within the nucleus. We performed up to five rounds of imaging on one set of serial sections, but up to nine rounds have been reported with AT (Micheva and Smith, 2007) . Multiplexed immunostaining permits a candidate screening approach in addition to targeted studies. In our case, we did not initiate the experiments with a predetermined hypothesis about the spatial organization of H4K20me3 and how loss of MeCP2 may alter this organization. We performed an initial screen of antibodies for histone modifications, and the results led us to focus on modifications that mark distinct heterochromatin territories. For example, H4K20me3-and H3K27me3-rich regions in WT neurons were adjacent to, but clearly segregated from, MeCP2-bound heterochromatin (Movie S3). While we were able to detect the segregated distribution of H4K20me3 in CA1 pyramidal neurons by conventional confocal microscopy ( Figure S2 ), AT imaging provided much greater resolution of these structures. The importance of examining chromatin organization in the brain is underscored by our finding that dissociated hippocampal neurons did not show distinct H4K20me3 territories adjacent to pericentromeric heterochromatin in culture (J. Sinnamon, personal communication).
By developing FISH conditions for AT, we have added another dimension to the method that considerably broadens its applications. There has recently been great interest in relating spatial organization of genes with chromatin modifications by combining HiC analysis with ChIP (Dixon et al., 2012; Rao et al., 2014) . The development of an in situ detection method for chromatin organization fills a need for investigators who work in systems with extreme cellular diversity where anatomy is an integral part of the information desired.
We challenged the AT imaging method by using it on brains from symptomatic RTT female mice at 4-6 months of age. Not only does the mammalian brain contain a staggering variety of cell types, but the mosaic expression of MeCP2 provided a tightly controlled experimental system for comparing WT and Mecp2-null cells. Using these methods, AT has provided in vivo evidence supporting a role for MeCP2 in regulating chromatin architecture in neurons. We found that chromatin becomes more densely packed upon loss of MeCP2. Along with the compaction, we see a dramatic redistribution of H4K20me3 into pericentromeric heterochromatin. Consistent with the finding of more condensed chromatin, we observed a slight reduction of active RNAPII in mutant nuclei. The ability to assess large-scale chromatin organization, histone modifications, and transcriptional activity within the same nucleus in its native environment highlights the usefulness of AT as tool for chromatin research.
What could explain the increase in chromatin compaction when MeCP2 is absent in neurons? The redistribution of (E) Scatterplot comparing RNAPII Ser5-P levels in WT and Mecp2-null pyramidal neurons. Intensity units represent total integrated pixel intensity ( 310 5 ) with mean intensity normalized for WT pyramidal neurons. WT, 27.0 ± 5.0, n = 51 nuclei from 3 mice; null, 24.5 ± 5.2, n = 55 nuclei from three mice). Unpaired t test, p = 0.013.
H4K20me3 into pericentromeric chromatin accompanied the increased DNA compaction in Mecp2-null neurons. Given this result, it is of note that nucleosomal arrays reconstituted with H4K20me3 modified histones form locally condensed, oligomeric structures (Lu et al., 2008) . Another potential mechanism is the interplay between MeCP2 and other chromatin architectural proteins, such as histone H1, which may promote higher-order aggregation of chromatin fibers when MeCP2 is absent. Previous studies have shown that MeCP2 competes with H1 for binding to nucleosomal DNA (Ghosh et al., 2010; Nan et al., 1997) , and levels of H1 increase in the absence of MeCP2 (Skene et al., 2010) . The presence of other chromatin architectural proteins in nuclei may explain why our results appear to be in opposition to in vitro studies that show nucleosome compaction in the presence of purified MeCP2 (Baker et al., 2013; Georgel et al., 2003) . Structural studies need to be performed to compare how chromatin fibers with repressive histone modifications are packaged when bound by MeCP2 or H1. Finally, we cannot exclude the possibility that the chromatin changes are indirect and downstream effects of gene expression. We observed similar alterations in chromatin for both hippocampal CA1 pyramidal neurons and dentate granule cells, but we did not detect changes for cerebellar granule cells. This difference between cell types is consistent with studies showing that loss of MeCP2 results in different gene expression profiles depending on neuronal type (Mellé n et al., 2012; Sugino et al., 2014) . It has also been shown that neurons differ with respect to levels of MeCP2 expression (Chao et al., 2010) . Our general observation is that MeCP2 expression scales with nuclear size, and cerebellar granule cells express the lowest amount of MeCP2 of the cell types examined in this study (data not shown). The lack of changes in H4K20me3 distribution in cerebellar granule cells agrees with results from a previous study that did not find differences in histone modifications in Mecp2-null retinal neurons (Song et al., 2014) . These results stress the importance of cell sorting or in situ approaches when studying gene expression in the brain.
Taken together with previous studies, our AT study suggests two levels of MeCP2 regulation of gene expression programs. At one level, MeCP2 prevents higher-order chromatin aggregation either by preventing H4K20me3 modification or by outcompeting H1 binding at methylated nucleosomal linker DNA. At another level, MeCP2 functions as a transcriptional regulator, either through recruitment of co-repressors Nan et al., 1998) or via recruitment of co-activators (Chahrour et al., 2008) . This second function may be more subject to regulation by signaling pathways, with the phosphorylation state of MeCP2 dynamically regulating association with its co-factors Lyst et al., 2013) . This dual functionality would allow MeCP2 to maintain a segregated chromatin fiber that allows for long-lived neurons to adapt their gene expression programs to events, including synaptic activity or injury. In the absence of MeCP2, more compact packaging of these sequences may restrict such flexibility, and this would agree with a previous model suggesting that MeCP2 functions as a facilitator of transcriptional activation (Mellé n et al., 2012) .
The increase in DNA compaction in mutant nuclei raises the possibility that genes required for neuronal function may become inappropriately relocated to a more repressive compartment and thus less subject to regulation by signaling pathways. In future studies, AT imaging can be combined with emerging FISH strategies (Beliveau et al., 2015; Boyle et al., 2011) EGFP alleles were conducted as described previously (Lioy et al., 2011; Lyst et al., 2013) .
Tissue Preparation
The AT procedure was performed using the published protocol with modifications (Micheva and Smith, 2007) . Five-month-old heterozygous RTT female mice were evaluated for symptoms using the observational scale (Guy et al., 2007) . Mice were anaesthetized by intraperitoneal injection of Avertin (2,2,2-tribromoethanol) and perfused transcardially with 4% depolymerized paraformaldehyde in PBS. The hippocampus was dissected, and slices of hippocampus were fixed and embedded using microwave irradiation (PELCO BioWave with ColdSpot; Ted Pella). All sectioning was performed by the Array Tomography Core at the SOM Beckman Center's Cell Sciences Imaging Facility (Jon Mulholland, Director). Serial sections were cut to a thickness of 200 nm.
Immunofluorescence Procedure
Ribbons of sections were circled with an ImmEdge Pen (Vector Laboratories) to allow for small staining volumes. The sections were pretreated with 50 mM glycine in PBS + 0.05% Tween-20, washed with PBS, and blocked with 3% BSA in PBS (PBS-B) for 15 min prior to application of primary antibodies. Primary antibodies were incubated with the sections overnight at 4 C in PBS-B.
Sections were washed with PBS, and secondary antibodies were incubated with sections at room temperature for 2 hr in PBS-B. The sections were washed with PBS and a water rinse before mounting with SlowFade Gold antifade with DAPI (Invitrogen).
To remove bound antibodies prior to a subsequent round of imaging, the ribbons were exposed to two rounds of stripping buffer. The first stripping buffer was 50 mM Tris (pH 6.8), 2% SDS, 50 mM DTT, and the second stripping buffer was Restore PLUS Western Blot Stripping Buffer (Thermo Scientific). Both buffers were incubated with sections for 10 min at 42 C with very mild agitation. Stripped sections were washed with water and PBS before initiating another round of immunostaining.
Antibodies
Histone antibodies were prescreened using the Antibody Validation Database to limit testing to antibodies that have proven specificity records (Egelhofer et al., 2011) . Each antibody was tested independently for AT application, and we continued to use only those that localized exclusively to the nucleus. Fluor 555 Goat Anti-Mouse IgG2a (A21137), Alexa Fluor 555 Goat Anti-Rabbit (A21429), and Alexa Fluor 647 Goat Anti-Chicken (A21449).
Fluorescent In Situ Hybridization
Standard protocols for FISH proved difficult to use with AT due to reduced adherence of the plastic sections to the coverslip when using formamide and elevated temperatures. We circumvented this problem by using ethylene carbonate as a solvent for melting DNA strands for hybridization (Matthiesen and Hansen, 2012) , allowing for lower hybridization temperature. The following peptide nucleic acid (PNA) probes were used for FISH experiments: Cy3-labeled PNA probe against minor satellite sequence (CENPB-Cy3) (PNA Bio). The FITC labeled major satellite PNA probe was a kind gift from Peter Lansdorp (Falconer et al., 2010) . After antibody stripping, the sections were washed with 1xSSC. Sections were incubated with 0.1 mg/ml pepsin in 10 mM HCl for 2 min at 37 C followed by washing with TE, pH 8.8. Sections
were incubated with 200 mg/ml RNase A in 1xSSC for 30 min at 37 C and washed with 1xSSC. The hybridization buffer was similar to the previously described protocol with some modifications (15% ethylene carbonate, 10% dextran sulfate, 600 mM NaCl, 10 mM sodium citrate [pH 6.2], 1 3 Denhardt's, and 0.1% Tween-20). After a 30 min prehybridization incubation at 50 C, the sections were incubated with PNA probes for 2 hr at 50 C. The samples were washed with 13 SSC at 50 C, with 0.23 SSC at 50 C, and rinsed with water before mounting in SlowFade Gold.
Fluorescence Microscopy and Image Processing
Sections were imaged on a Zeiss Axio Observer.Z1 inverted microscope with motorized stage. Fluorescence imaging was performed using custom filter sets and a Lumencor Spectra light engine. Images were acquired using a Zeiss 633/1.4 NA Plan Apochromat objective and either AxioCam MRm or Axiocam 506 mono digital camera. Image stacks were created in Fiji, and the DAPI image stacks were aligned using the MultiStackReg plugin. The alignment transform for the DAPI alignment was applied to image stacks for other fluorescent channels imaged in the first round. A detailed manual describing the AT alignment procedure is provided here: http://nisms.stanford.edu/UsingOurServices/ pdf/ArrayTomographyVolumeReconstruction_v1.4.pdf.
Three-Dimensional Analysis
Visualization and quantification of reconstructed nuclei was performed using Imaris software (Bitplane). A more detailed description of the analysis is included in the Supplemental Experimental Procedures. 
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